Purpose We aimed to elucidate predictive factors for the development of immune-related adverse events (iraes) in patients receiving immunotherapies for the management of advanced solid cancers.
INTRODUCTION
Immunomodulation has recently become an important and promising line of therapy for the treatment of advanced melanoma and an increasing number of other cancer types 1 . This new line of immunotherapies consists of antibodies that exert their effect by targeting the immune checkpoint inhibitors. Currently available therapy consists of inhibitors of ctla-4, PD-1, and PD-L1. The three most common immunotherapies are ipilimumab (ctla-4 inhibitor), nivolumab (PD-1 inhibitor), and pembrolizumab (PD-1 inhibitor).
In a landmark clinical trial by Hodi et al. 2 , administration of ipilimumab in patients with stage iii or iv melanoma was shown to significantly increase median survival. Similarly, pembrolizumab and nivolumab have both been shown to improve overall survival and progression-free survival in patients with metastatic melanoma 3, 4 . In addition, compared with ipilimumab, the PD-1 inhibitors have demonstrated better efficacy with fewer adverse events, leading to approval by Health Canada for their use in ipilimumab-resistant advanced melanoma in 2014 5 with advanced non-small-cell lung cancer 6 and renal cell carcinoma 7 . Since then, immune checkpoint inhibitors have been used in the treatment of various other advanced cancers, including urothelial cancer, head-and-neck carcinoma, hepatocellular carcinoma, and small-cell lung cancer.
Despite the clinical efficacy of immune checkpoint inhibitors, a growing body of evidence has shown that various immune-related adverse events (iraes) occur in a significant portion of patients treated with both antictla-4 and anti-PD-1 antibodies 1 . Most iraes, including diarrhea and nausea, tend to be mild and self-limiting, but in fewer than 10% of patients treated with immune checkpoint inhibitors, severe (grade 3 or 4), potentially life-threatening iraes can occur 8 . The iraes can be classified based on the physiologic system affected, the most commonly affected being the endocrine, dermatologic, gastrointestinal, and respiratory systems 9 . Although iraes can occasionally be managed with a brief course of corticosteroid therapy, grade 3 or 4 iraes typically require termination of immunotherapy and long-term treatment with steroids or other immunosuppressive medications such as infliximab.
With the increasing use of immunotherapy in the management of cancers, determining risk factors for the development of iraes attributable to this group of drugs can provide invaluable help for predicting and better managing patients who develop iraes. Some of the hypothesized risk factors include low muscle attenuation 10 , history of autoimmune disease 9 , chronic infections such as hiv and hepatitis [11] [12] [13] , and use of medications with autoimmune side effects 14 . However, to the best of our knowledge, no studies have effectively validated those potential risk factors. Several studies have investigated biomarkers that might be predictive of an increased occurrence of iraes, including increased T-cell repertoire 15 , eosinophil count 16 , gene expression of CD177 and ceacam1 17 , and blood levels of interleukin 7 18 . Nevertheless, important knowledge gaps remain for the effective identification of patients receiving immune checkpoint inhibitors who are at risk for developing iraes. In the present retrospective cohort study, we aimed to comprehensively analyze patient factors associated with iraes and to develop a predictive tool for optimal clinical decision-making and patient management.
METHODS
All patients with histologically confirmed metastatic melanoma, non-small-cell lung cancer, or renal cell carcinoma who were managed at the Cancer Centre of Southeastern Ontario (a tertiary care cancer centre) and who received ipilimumab, pembrolizumab, or nivolumab between 1 January 2012 and 18 April 2017 were included in the study. Eligible patients (n = 89) were identified by searching a computerized pharmacy order-entry database. Patients were excluded if they were enrolled in a clinical trial (n = 10). A patient with hepatocellular carcinoma was also excluded because of the small sample size, leaving 78 patients for the study analysis. The study was approved by the Queen's University Health Sciences and Affiliated Teaching Hospitals Research Ethics Board.
All data were obtained from patient charts. Potential risk factors were categorized into two groups: exacerbating factors and protective factors. A literature review was conducted to support the inclusion of potential risk factors. Exacerbating factors were defined as contributors that might lead to immune dysfunction and a potentially increased risk of iraes. Those factors included a history of autoimmune disease 9 , history of chronic infection (hiv, hepatitis, shingles) [11] [12] [13] , allergies (medication or environmental) 19 , previous iraes, high body mass index 20 , impaired kidney function 21, 22 , or specific medications 14 such as antiarrhythmics, antihypertensives, antipsychotics, anticonvulsants, and statins. Protective factors included medications with immunosuppressive mechanisms 14 steroids, allopurinol, nonsteroidal anti-inf lammatory drugs, salicylates, and metformin-that might lead to a lower rate of iraes. All medications identified were in use before the start of immunotherapy.
The iraes were collected as defined in previous studies 9, 11, 12, 23 . Common side effects identified included skin toxicity, gastrointestinal toxicity, and endocrinopathy. Skin toxicity was defined as development of a maculopapular rash or vitiligo. Gastrointestinal toxicity was defined as having watery bowel movements in the absence of an infectious cause or as colitis confirmed by endoscopy. Endocrinopathy included hypophysitis, thyroiditis, adrenal insufficiency, and diabetic ketoacidosis. Because immunotherapy has the potential to affect any organ system, an "other" category was used to collect instances of uncommon iraes. The toxicity severity was graded from 1 to 5 according to the Common Terminology Criteria for Adverse Events, version 4.0 24 . The primary outcome was defined as the presence of an irae. Secondary outcomes included multiple iraes (2 or more) and an irae severity of grade 3 or greater.
Statistical Analysis
All statistical analyses were conducted using the IBM SPSS Statistics software application (version 24.0: IBM, Armonk, NY, U.S.A.) for Windows (Microsoft Corporation, Redmond, WA, U.S.A.). Descriptive statistics provide an overview of the characteristics of the study population. Bivariate analyses assessed the relationship between potential predictors and irae incidence rates. Results are reported as odd ratios (ors) and means with 95% confidence intervals (cis). Statistical significance was accepted at p < 0.05. A logistic regression model was then used to determine the association between iraes and the significant predictors identified in the bivariate analyses. To account for the sample size when deriving the model, all variables significant at the alpha level of 0.1 were entered into the multiple logistic regression model-but only if that factor was present in at least 5% of patients with that toxicity event. The backward stepwise elimination method, based on maximum partial likelihood estimates, was used to develop a parsimonious set of predictors while maintaining biologic integrity. The Wald statistic was used to determine the significances of the regression coefficients, with the alpha level set at 0.05. The integrity and predictive accuracy of the model were assessed using the Hosmer-Lemeshow goodness-of-fit test and a receiver operating characteristic curve respectively.
RESULTS
The 78 study patients (30 women, 48 men) had an average age of 66 years (range: 23-85 years). Despite the 23-yearolds (n = 2) being outliers, all patients were included in the analysis given the relevance of a broad age range to a general cancer centre practice. Melanoma, non-smallcell lung cancer, and renal cell carcinoma accounted for, respectively, 70%, 22%, and 8% of the cancers in the study population. The distribution of nivolumab (33%), pembrolizumab (35%), and ipilimumab (32%) was similar in the study population. Approximately half the patients in the study population (53%) developed an irae, and 15% developed multiple iraes. Most patients (70%) developed an irae of grade 1 or 2. The iraes most commonly involved the skin (22%), gastrointestinal system (17%), and endocrine system (14%). Table i summarizes baseline patient health information, treatment modality, and irae types. 12 ; p = 0.025) were found to be associated with a higher risk of developing iraes. No significant associations between iraes and age, body mass index, number of distant metastatic sites, smoking history, and allergy history were found. Analysis of risk for patients who had already experienced an irae and who were subsequently treated with another immunotherapy was not possible because of the small sample size (n = 11). Table iii presents details.
Patients who used statin medications, who had radiation therapy during immunotherapy, or who had melanoma showed an increased risk for iraes on bivariate analysis. However, in the subsequent logistic regression modelling, those factors were not found to be independent predictors. The Hosmer-Lemeshow test showed that, overall, the model was excellent at predicting which patient would or would not develop an irae (chi-square: 1.596; df = 7; p = 0.979). The model was shown to have good predictive accuracy as assessed by the area under the receiver operating characteristic curve. The area under the curve was 82.4% (95% ci: 73.4% to 91.4%), and it was found to be significantly different relative to the reference line (Figure 1) .
DISCUSSION
To the best of our knowledge, the present study is the first to evaluate factors that predict risk for iraes developing in patients receiving PD-1 and ctla-4 inhibitors. Although iraes were common in our study (more than 50% incidence rate), most patients (70%) developed iraes of mild-tomoderate severity, and only a small proportion (15%) developed multiple iraes. After adjusting for confounding factors, our study suggests that steroid use before immunotherapy, sex, a history of autoimmune disease, immunotherapy with a ctla-4 monoclonal antibody, and abnormal kidney function have statistically significant associations with irae incidence rates. Corticosteroid use before initiation of immunotherapy (33%, n = 26) was associated with a lower incidence of iraes. The most common indications for steroid treatment were post-radiation management (54%, n = 14) and symptomatic brain metastases (27%, n = 7). The average dose and duration of corticosteroid before the start of immunotherapy was 35.2 ± 2.49 mg (prednisone equivalent) and 4.9 ± 5.5 weeks respectively. Several previous studies have analyzed the effect of immunosuppressive therapy (indicated for irae management) on immunotherapy efficacy. In a pooled analysis of four clinical trials of nivolumab monotherapy for patients with advanced melanoma, immunosuppressive therapy as indicated for iraes was not associated with differences in the immunotherapy response rate 25 . Another study also showed no differences in the efficacy of ipilimumab (response rate and overall survival) with immunosuppressive therapy in the context of a nonclinical trial in advanced melanoma patients 26 . Future studies are required to evaluate the safety and efficacy of steroids given concurrently with immunotherapy, especially in patients who are receiving a significant dose of steroids before they start treatment, because those patients were excluded from clinical trials. Respiratory (n=5), renal (n=3), musculoskeletal (n=4), neurologic (n=1). NSCLC = non-small-cell lung cancer; RCC = renal cell carcinoma; NSAIDs = nonsteroidal anti-inflammatory drugs; eGFR -estimated glomerular filtration rate; RT = radiotherapy; AEs = adverse events. It is well-documented that the innate and adaptive immune systems are more effective in women than in men 27 , which has been ascribed to the effects of estrogen [28] [29] [30] [31] . Overall, estrogen enhances the immune response through the augmented activation of antigen-presenting cells, thereby resulting in increased antibody-mediated responses to exogenous antigens, increased T-cell cytotoxicity ,and increased cytokine or chemokine levels [27] [28] [29] [30] [31] . We therefore expected women to have a higher incidence of iraes. That expectation was inconsistent with our findings, in that female sex was associated with protection against the development of iraes. Of the 3 most common irae categories in the analysis, skin iraes were associated with male sex (or: 9.51; 95% ci: 1.44 to 62.99; p = 0.012), but gastrointestinal iraes (or: 1.67; 95% ci: 0.31 to 9.05; p = 0.229) and endocrine iraes (or: 1.69; 95% ci: 0.33 to 8.72; p = 1.000) were not found to have significant association with sex. However, those results might be underestimated because of the small sample size.
Currently, few studies have evaluated the safety profiles of immunotherapy agents in patients with underlying autoimmune diseases. In addition, such patients are typically excluded from clinical trials 3, 6, 7, [30] [31] [32] [33] [34] [35] [36] . A recent review article suggested that monotherapy with ctla-4 or PD-1 inhibitors could be safely prescribed to patients with underlying autoimmune diseases, but the evidence for that suggestion was based on retrospective analyses. Our findings, together with the lack of available safety profile data, suggest that a decision to initiate immunotherapy should be evaluated case-by-case and weighed against the potential efficacy of immunotherapy in advanced cancer. If immunotherapy is initiated in patients with an underlying autoimmune disease, vigilant monitoring for the development of iraes would be a crucial component of their care.
Our study suggests that ctla-4 inhibitors are more likely than PD-1 inhibitors to induce iraes. Although that finding is consistent with results from previous studies, the underlying mechanism remains unknown 3, 6, 7, 26, [32] [33] [34] [35] [36] . Given the improved efficacy of PD-1 inhibitors, single-agent ctla-4 monoclonal antibodies are rarely used in the clinic, but they have shown some efficacy in patients who have progressed on PD-1 inhibitor therapy 37 .
Current recommendations suggest that PD-1 and ctla-4 inhibitors should be dosed by weight, and that no dose adjustments are necessary in relation to kidney function. Our study suggests that poor kidney function (stages 3 and 4 per the U.K. Renal Association) is correlated with a higher risk of irae development. Monitoring the incidences of iraes more prudently would therefore be important for patients with poor kidney function at baseline. Future studies evaluating the efficacy of immunotherapy in relation to kidney function would be required to determine whether renal-adjusted doses are appropriate.
Limitations
Several limitations to this study have to be addressed. First, retrospective analysis, by its nature, provides an inferior level of evidence compared with the evidence emerging from prospective studies and might be subject to confounding factors. Nonetheless, our methods minimize confounding by using the Hosmer-Lemeshow goodnessof-fit test and a receiver operating characteristic curve to adjust for confounding factors and to assess the integrity and predictive accuracy of our model. Second, our study population consisted primarily of patients treated for melanoma, which might limit the generalizability of the findings to other cancer subtypes. Our findings are, however, representative of the general cohort of patients presenting for treatment at our academic centre. Furthermore, the understanding of cancer management is shifting toward molecular and immune checkpoint targets. We therefore believe that, compared with cancer type, cancer immunogenicity or molecular targets will play a more important role in the effects of various treatment modalities.
Lastly, our study was small in sample size. That size limitation was evident in the large confidence intervals accompanying our results. However, the study was adequately powered to detect significant differences, given the high frequency of the outcome of interest. In addition, our analysis considered PD-1 inhibitors and ctla-4 inhibitors alike. We are aware of the varying frequency profiles of iraes for the different immunotherapies. Because of the small sample size, it was not feasible to conduct subgroup analyses of PD-1 inhibitors (n = 53) or ctla-4 inhibitors (n = 25) alone. Nonetheless, our study was able to confirm the higher irae incidence rates for ctla-4 inhibitors compared with PD-1 inhibitors, further suggesting that our study was adequately powered despite the small sample size.
Ultimately, our study was meant to be hypothesisgenerating, and we hope that future studies involving multi-cancer centres might validate our hypothesisgenerating study.
CONCLUSIONS
Our study provides several valuable insights into an understudied topic in immunotherapy. We have highlighted several factors that can effectively predict the development of iraes in patients receiving immunotherapy. It is of utmost importance to highlight that, of the 5 predictive factors, poor kidney function is correlated with a higher risk of irae development, especially in view of the current guideline-recommended weight-based dosing, with no adjustment based on kidney function required. Further studies to validate the utility of our model are required.
